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Abstract
Results of a study of charged pion production in 12C + 12C collisions at incident beam energies of
1A GeV and 2A GeV, and 40Ar + natKCl at 1.76A GeV, using the spectrometer HADES at GSI,
are presented. We have performed a measurement of the transverse momentum distributions of
pi± mesons covering a fairly large rapidity interval, in case of the C+C collision system for the
first time. The yields, transverse mass and angular distributions are compared with a transport
model as well as with existing data from other experiments.
1 Introduction
The study of particle production in nucleus-nucleus collisions at relativistic energies is essential
for understanding the dynamics and the approach of the system towards equilibrium and the
generation of flow phenomena, as well as for gaining information about the nuclear equation
of state. In heavy-ion collisions, pion spectra and yields are affected by collective effects like
thermalization, directed and elliptic flow, as well as by possible modifications of the properties of
baryon resonances they stem from, in particular the ∆. The subtle interplay of these phenomena
is indeed a challenge to theoretical interpretations.
Best suited for a description of all phases of the complex dynamics of heavy-ion reactions
are transport models, based on microscopic kinetic theory. Transport models achieve a remark-
able success in describing bulk properties of the interactions over a large energy and system size
scale. At the same time, however, for special channels, problems are met in reproducing pre-
cisely the experimental data. For a recent comprehensive discussion of various differential pion
observables and their comparison with model calculations in the region of 1A GeV see [1].
The High Acceptance Di-Electron Spectrometer (HADES) [2], is designed for high-
resolution and high-acceptance dielectron spectroscopy in hadron-hadron, hadron-nucleus, and
nucleus-nucleus reactions at beam energies in the range from 1A GeV to 2A GeV. For a detailed
description of the device and recently performed experiments see [3].
In this paper, we discuss data on charged pions obtained from 12C + 12C collisions at 1A GeV
and 2A GeV (recently published in [4]) and 40Ar + natKCl at 1.76A GeV. In case of the 12C + 12C
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system, large intervals of rapidity and of centre-of-mass angle are covered for the first time. Our
results are compared to UrQMD transport-model predictions and experimental data from other
experiments.
2 Experiment
The presented data were collected under the LVL1 trigger condition which was based on a fast
determination of the charged-particle multiplicity (Mch) in the time-of-flight detectors. The con-
dition Mch ≥ 4 for 12C + 12C and Mch ≥ 16 for 40Ar + natKCl was used.
In the first experiment, the collision system 12C + 12C at 2A GeV was studied with a beam
intensity of Ibeam = 106 particles/sec impinging on a two-fold segmented carbon target with
thickness of 2 · 2.5% interaction length. In the second data taking period the 12C + 12C system
was studied at 1A GeV. Then, for the first time, a high-resolution tracking mode exploiting also
the outer MDC planes was available. In this measurement, a carbon beam of 106 particles/sec
was focused onto a carbon foil of 3.8% interaction length. In the last experiment analyzed here,
the four-fold segmented target was made of natural KCl and has a total interaction length of
3.05%. The 40Ar beam intensity was about 6 · 105 particles/sec.
Particle identification in the HADES data analysis (for details see [2]) is based on Bayesian
statistics. The method allows to evaluate the probability that the reconstructed track can be re-
lated to a certain particle species (e.g. proton, kaon, pion, electron, etc.). It combines several
observables from various sub-detectors (e.g. time-of-flight, energy loss) via probability density
functions determined for each observable and for all possible particle species. In our case, hadron
identification has been performed using measured momenta and corresponding velocities com-
puted by means of the time-of-flight. After the particle identification is done for all tracks, the
resulting yields are corrected for efficiency and purity of the PID method, as well as for the de-
tector and tracking efficiencies. The detection/tracking efficiency has been obtained from Monte
Carlo simulated and reconstructed UrQMD events. Further experimental details can be found in
[4, 5].
3 Results
3.1 Transverse-mass distributions
Figure 1 exhibits the measured and simulated transverse mass distributions of pi+ and pi− in
different intervals of normalized rapidity y0 for the reaction 40Ar + natKCl at 1.76A GeV.
The transverse mass distributions for all three data sets can be described by a single-
exponential (12C + 12C at 1A GeV) or two-exponential (12C + 12C at 2A GeV and 40Ar + natKCl)
functions.
As shown in [4], our data for 12C + 12C reactions are in agreement with the data measured
by KaoS [6]. For 40Ar + natKCl at 1.76A GeV (see fig. 1) our data also agree with results from
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Figure 1: Transverse-mass distributions for positively (left) and negatively (right) charged pions
in different slices of rapidity derived from the data in 40Ar + natKCl at 1.76A GeV (LVL1 “semi-
central” events). Full lines show the results of fits to the data (symbols) using two exponential
functions, while dashed lines show fits of the UrQMD distributions using the same function.
Error bars (systematic and statistical ones) are not visible at this scale. Both data and UrQMD
distributions are normalized to the number of LVL1 events.
the Ar+KCl at 1.8A GeV reaction [7]. As seen in fig. 1, the agreement of UrQMD simulations
with our data is only qualitative. Both data sets for pi+ and pi− are described by two-exponential
shapes. However, the UrQMD simulations show a much stronger stiff component at large mo-
menta. In case of 12C + 12C at 1A GeV the agreement is much better, and both UrQMD and data
exhibit a single-exponential shape. For 12C + 12C at 2A GeV, UrQMD predicts different spectral
shapes - purely exponential as compared to the concave shape of the data [4]. Data of pi0 for
12C + 12C at 2A GeV also need only a single-exponential fit [8]. This may indicate differences in
the reaction dynamics of charged and neutral pi mesons, not described properly in the employed
transport code.
3.2 Multiplicities
Pion yields (Npi) per reaction (under the LVL1 trigger condition) within the HADES acceptance
region and extrapolated to full phase space are presented in Table 1. The last column shows
the multiplicities per participant, obtained by dividing the yields with the averaged number of
participating nucleons in the LVL1-triggered reactions estimated from simulations.
The systematic error of the measured yield due to uncertainties in the detection/reconstruc-
tion/identification efficiency is estimated as 5%, based on a comparison of measurements in the
six independent HADES sectors. The extrapolation of the yields to full phase space is based on
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Table 1: Production yields of pi± per reaction under LVL1 trigger condition. Npi and Npi(4pi) are
the measured and 4pi extrapolated yields, respectively, and Npi(4pi)/Npart is the yield per partic-
ipant averaged for pi+ and pi−. The statistical errors are negligible. Shown are the systematic
errors due to the various efficiency corrections and the 4pi extrapolation (see text).
system energy Npi Npi(4pi) Npi(4pi)/Npart
(A GeV) (·103)
12C + 12C 1 pi+ 0.36±0.02 0.46±0.03±0.05 55±3±5±4
pi− 0.38±0.02 0.49±0.03±0.05
12C + 12C 2 pi+ 0.77±0.04 1.19±0.06±0.11 147±7±13 +0−21
pi− 0.82±0.04 1.28±0.06±0.12
40Ar + natKCl 1.76 pi+ 1.67±0.08 3.00±0.15±0.27 89±4±8±6
pi− 2.08±0.10 3.84±0.19±0.34
the integration of the simulated rapidity distributions and normalized to the data in the rapid-
ity range covered by HADES. Varying the input conditions of the simulations, the differences
between the rapidity distributions give us an estimate of the systematic error of the yield extrap-
olations of 9%. The last systematic error of the resulting pi± multiplicity per participant (last
column in Table 1) stems from uncertainties connected with the determination of the average
number of participating nucleons using UrQMD simulation (7%).
3.3 Angular distributions
The measured centre-of-mass polar angular distributions of pions produced in 40Ar + natKCl
collisions at 1.76A GeV are exhibited in fig. 2. For the symmetric collision system the polar
distributions in the center-of-mass system can be fitted with the expression dN/d(cos θcms) ∝
(1 +A2 cos
2 θcms). The parameter A2 characterizes the anisotropy of the pion source. As visible
in fig. 2, the data show strong anisotropies quantified by A2 = 0.75 ± 0.11. Similar results are
observed in the 12C + 12C system, where A2 = 0.88 ± 0.12 and 1.19 ± 0.16 for beam energies
of 1A GeV and 2A GeV, respectively. The two closest systems studied most comprehensively
in this respect are Ar+KCl at 1.8A GeV [7] and Ca+Ca at 1.93A GeV [1]. In both cases similar
momentum-averaged anisotropies were observed, with values of 〈A2〉 = 0.5 − 0.6. Also the
UrQMD simulations exhibit similar results for all three systems.
4 Summary
In summary, the charged-pion characteristics in the reactions 12C + 12C at 1A GeV and 2A GeV,
and 40Ar + natKCl at 1.76A GeV have been measured in detail with the HADES spectrometer. In
case of 12C + 12C reactions our data were obtained for the first time in a large acceptance region,
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Figure 2: Polar angle distribution in the center-of-mass system of positively (left) and negatively
(right) charged pi mesons produced in 40Ar + natKCl collisions at 1.76A GeV for the LVL1
(semicentral) events. Pions with center-of-mass momenta 200 - 800 MeV/c have been selected.
The full lines show the fit as described in the text.
which allowed for the measurement of pion anisotropy and consequently for a more reliable
extrapolation of the yields to full solid angle. The found results are in good agreement with
data obtained with previous experiments. A comparison with the results on neutral pions and the
UrQMD predictions for 12C + 12C at 2A GeV suggests differences in the reaction dynamics of
charged and neutral pi mesons, not yet described by transport codes.
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